Background. To analyze the relevance of dynamic susceptibility-weighted contrast-enhanced MRI (DSC-MRI) derived relative cerebral blood volume (rCBV) analysis for predicting response to bevacizumab (BEV) in patients with recurrent glioblastoma (rGB).
MRI (DSC-MRI), allows characterization of the vasculature in the tumor microenvironment 6 and has shown great promise for the evaluation of brain tumors. 7 -9 Preclinical studies suggest that rCBV imaging may have the potential to monitor changes in vascularity known to accompany antiangiogenic treatment; 10, 11 however, its role for predicting response to BEV treatment has not yet been fully evaluated.
The objective of the present study was to analyze the relevance of DSC-MRI-derived rCBV analysis for predicting response to BEV in patients with rGB.
Methods

Patients
Retrospective data evaluation was approved by the local ethics committee of the University of Heidelberg (ethics approval number: S-320/2012). A total of 127 patients diagnosed with rGB receiving either BEV (71 patients in the BEV cohort) or alkylating chemotherapy and never exposed to antiangiogenic treatment (56 patients in the non-BEV cohort) were included in this study. All participants met the following criteria: (i) pathologically confirmed GB with recurrence based on MRI in the period of July 2009 and January 2014 (only considering primary GB); (ii) regular treatment for GB recurrence with either BEV monotherapy (Avastin, Roche; 10 mg/kg of body weight) every 2 weeks per cycle in the BEV cohort or alkylating chemotherapy in the non-BEV cohort (refer to Supplementary Table S1 for a detailed listing), (iii) availability of MRI studies at baseline prior to initiating chemotherapy and at first follow-up after initiating chemotherapy that included conventional anatomic MRI and dynamic susceptibility-weighted contrast-enhanced MRI (DSC-MRI). Patients were excluded from this study if (i) they were exposed to antiangiogenic treatment at any time during their disease in the non-BEV cohort; (ii) or if a repeat surgery was performed prior to initiating treatment without measurable contrast-enhancement at baseline or between the baseline and first follow-up scan after initiating treatment; (iii) or if the MRI data were of insufficient quality due to motion artifacts or poor contrast injection.
Epidemiological and clinical characteristics of all participants are shown in Supplementary Table S2 . The baseline characteristics of sex, age, extent of resection, adjuvant treatment at initial tumor presentation, and Karnofsky performance score (KPS) at treatment initiation were balanced between the BEV and non-BEV cohorts, whereas the number of recurrences prior to treatment were significantly lower in the non-BEV cohort (median of 2 recurrences in the BEV vs 1 recurrence in the non-BEV cohort, P , .01). Furthermore, the interval of baseline MRI to treatment initiation was significantly longer in the BEV cohort (median of 1.9 weeks for the BEV cohort and 0.9 weeks for the non-BEV cohort, P ¼ .01), while the interval of treatment initiation to follow-up MRI was significantly shorter (median of 7.9 weeks for the BEV cohort and 10.9 weeks for the non-BEV cohort, P ¼ .01). The aforementioned intervals reflect the off-label prescription practice for BEV in Germany because reimbursement by the patient's health insurance is granted only after following a case-by-case review and being subject to reevaluation after a limited number of treatment cycles.
Steroid use at baseline MRI was equally distributed between both cohorts (P ¼ .16), whereas it was significantly lower in the BEV cohort at first follow-up (P , .01), which reflects the corticosteroid-sparing effects of BEV. 12 Assessment of response to BEV/alkylating chemotherapy was performed according to the Response Assessment in Neuro-Oncology (RANO) working group criteria. 3 Specifically, progressive disease (PD) was defined as ≥ 25% increase in the maximal cross-sectional tumor area or the appearance of any new enhancing lesion. For taking into account non-enhancing tumor progression, a significant increase (that we defined as ≥ 25% in the maximal cross-sectional area) in the nonenhancing lesions or the appearance of new lesions was also defined as PD (provided that the patient was on stable or increasing doses of corticosteroids and that the increase in fluid-attenuated inversion recovery (FLAIR) signal could not be attributed to comorbid events such as effects from surgery and chemoradiation, ischemia, epilepsy, or infection). Definite clinical deterioration not attributable to other causes apart from the tumor or changes in corticosteroid doses, failure to return for evaluation as a result of death or deteriorating condition, or clear progression of nonmeasurable disease were also defined as PD. 3 At the time of last assessment (September, 2014), 94% of participants (67/71) in the BEV cohort and 95% of participants (53/56) in the non-BEV cohort showed tumor progression (P ¼ .95 for group differences), and 77% of participants (55/71) in the BEV cohort and 82% (46/56) in the non-BEV cohort had died (P ¼ .52 for group differences).
Magnetic Resonance Imaging
Images were acquired in the routine clinical workup using a 3 Tesla MR system (Magnetom Verio/Trio TIM, Siemens Healthcare) with a 12-channel head-matrix coil. Acquisition of the DSC-MRI sequence was performed as described previously. 13 Prior dynamic imaging, a 0.1 mmol/kg prebolus dose of gadoterate meglumine (Gd-DOTA, DOTAREM, Guerbet, France) was administered to diminish T1 effects that might result from agent extravasation. DSC-PWI was obtained with a T2*-weighted gradient-echo EPI sequence during bolus injection of a standard dose (0.1 mmol/kg) of intravenous gadoterate meglumine. Twenty-six to 28 slices with a thickness of 5 mm were acquired with fat suppression (TE ¼ 36 milliseconds [ms], TR ¼ 2220 ms, FA ¼ 908, field of view ¼ 240 × 240 mm, image matrix ¼ 128 ×128 mm). In total, 50 -75 dynamic measurements were performed. Subsequently, postcontrast T1-weighted 3D magnetization-prepared rapid acquisition gradient echo (cT1; TI ¼ 1100 ms, TE ¼ 4 ms, TR ¼ 1710ms, and FA ¼ 158), and FLAIR (TI ¼ 2400 ms; TE ¼ 85 ms; TR ¼ 8500 ms; section thickness, 5 mm; interslice gap, 5%) images were acquired.
Image Post Processing and Analysis
Postprocessing of DSC-MRI, cT1 and FLAIR data was performed with dedicated software (Olea Sphere v 2.3, Olea Medical). First, tumor segmentation on cT1 and FLAIR images at baseline and at first follow-up after BEV/alkylating chemotherapy treatment was performed according to a semiautomated region-growing segmentation method. This segmentation approach examines Kickingereder et al.: rCBV analysis in bevacizumab-treated recurrent GB neighboring voxels of an initial seed point/voxel and determines whether the voxel neighbors should be added to the region of interest (ROI). Multiple seed points were used to account for multifocal or discontinuing lesions, and iteration of this process was performed on each slice of the cT1 images until the contrast-enhancing portion of the whole tumor was included, and macroscopic necrosis, cysts, and normal vessels were excluded from the segmented tumor. Similarly, segmentation of the tumor on FLAIR images was performed on each slice until the hyperintense FLAIR abnormality (excluding those resulting from obvious leukoaraiosis) was included. Tumor volume (cm 3 ) was calculated as the sum over all slices of (ROI area ×[slice thickness + gap]).
Postprocessing of DSC-MRI data included rigid-body registration to correct for motion artefacts. An arterial-input function (AIF) was determined automatically using cluster analysis techniques, 14 and deconvolution of the AIF was performed using a time-insensitive block-circulant singular value decomposition. 15 Mathematically leakage-corrected, whole-brain rCBV maps were generated by using an established tracer kinetic model applied to the first-pass data, with rCBV values computed pixel-by-pixel as the area under the concentration time curve (AUC) divided by the AUC of the AIF. (AIF pixels are assumed to be made of 100% blood if partial volume effects are neglected.) 16 This approach eliminates the need to draw a reference ROI in the contralateral, nonaffected white matter for normalization of CBV values.
Following automatic coregistration of rCBV maps with corresponding cT1 images that included the previously segmented cT1 ROIs, a mean rCBV (calculated as the mean of all individual rCBV voxels from the segmented tumor on cT1-images) was determined from both baseline and first follow-up after initiation of BEV/alkylating chemotherapy treatment.
Statistical Analysis
Statistical analysis was performed using STATA version 12. Survival was calculated from initiation of BEV/alkylating chemotherapy treatment until death or last follow-up. Similarly, time to progression was calculated from initiation of BEV/alkylating chemotherapy treatment until tumor progression. Intragroup comparison of epidemiological, clinical, or imaging metrics between the BEV and non-BEV cohort was performed using a chi-square or 2-tailed t test. Spearman' rank correlation was used to examine whether dexamethasone prescription had any impact on rCBV values (assessing the influence of both baseline dexamethasone prescription vs baseline rCBV and dexamethasone prescription at follow-up vs follow-up rCBV). The influence of rCBV, cT1 volume, or FLAIR volume (including initial, residual, or changes between baseline and first follow-up) on progression-free survival (PFS) and overall survival (OS) was assessed with Cox regression analysis. Kaplan-Meier estimates and the log-rank test were used to assess and compare PFS and OS rates. Specifically, patients in the BEV cohort and non-BEV cohort were dichotomized on the basis of an rCBV-threshold that maximized the sum of sensitivity and specificity as a cutoff calculated from receiver operating characteristic (ROC) analysis of 12-month OS data. Univariate logistic regression analysis was performed to assess the predictive value of rCBV, cT1 volume and FLAIR volume (including initial, residual, and changes between baseline and first follow-up) on 6-month PFS and 12-month OS. We performed cross-validation of logistic-regression models with the "leave-one-out" (jackknife) procedure because performance of a predictive model is overestimated when it is simply determined on the sample of subjects used to construct the model (ie, it does not indicate how well the model will do when used to make new predictions for data not previously examined). P values , .05 were considered significant. Table 1 encompasses details on the analyzed imaging metrics. rCBV values at baseline were balanced between the BEV cohort (median, 4.3; range, 0.3 -8.9) and non-BEV cohort (median, 3.2; range 0.6 -12.8) (P ¼ .22). In contrast, rCBV values at firstfollow-up were significantly lower in the BEV cohort as compared with the non-BEV cohort (median change of 238% with a median rCBV of 2.7 in the BEV cohort and +34% with a median rCBV of 4.0 in the non-BEV cohort; P , .01, respectively). There was no significant association between rCBV values and dexamethasone prescription in any cohort at the time of baseline or follow-up MRI (P ¼ .07 and .48 in the BEV cohort and P ¼ .09 and .28 in the non-BEV cohort). Tumor volumes Kickingereder et al.: rCBV analysis in bevacizumab-treated recurrent GB
Results
Progression-free Survival and Overall Survival
Median OS and PFS rates were significantly higher in the BEV cohort (9.7 and 4.5 months, respectively) as compared with the non-BEV cohort (6.3 and 2.6 months, respectively) (P ¼ .01 for OS and P,0.01 for PFS) (Fig. 1A and B (Table 2) . Using a cutoff of 3.92 (ie, the rCBV-value that maximizes the sum of sensitivity and specificity from ROC analysis of 12-month OS data), median OS and PFS rates for BEV-treated participants with a rCBV value of ≤3.92 were 14.2 and 6.0 months as compared with 6.6 and 2.8 months for BEV-treated patients with a rCBV value of .3.92 (P , .01, respectively) ( Fig. 1C and D; Fig. 2 ). The cT1 volume at baseline was not predictive of PFS or OS in the BEV cohort, whereas it was predictive of OS (but not PFS) in the non-BEV cohort on univariate Cox regression analysis. The FLAIR volumes at baseline were not predictive of PFS or OS in any cohort (Table 2) .
Univariate Cox regression analysis also demonstrated a significant association of rCBV at first follow-up with PFS (HR ¼ 1.34, P , .01) and OS (HR ¼ 1.31, P , .01) in the BEV cohort but not in the non-BEV cohort, whereas the relative change in rCBV was not associated with PFS or OS in any cohort (Table 2 ).
Both the residual and change in cT1 and FLAIR volume at first follow-up were significantly associated with PFS and OS, whereas the change in cT1 yielded the highest HR for PFS and OS (2.26 and 2.58, respectively) ( Table 2) . Similarly, in the non-BEV cohort, residual cT1 and FLAIR volumes at first-follow up were also significantly associated with both PFS and OS.
Logistic Regression Analysis
We evaluated the predictive value of rCBV, cT1 volume, and FLAIR volume (including initial, residual, or changes between baseline and first follow-up) on 6-month PFS and 12-month OS (Table 3) . Overall, 70%/89% of participants in the BEV/ non-BEV cohort showed progression within 6 months, and 69%/86% of participants in the BEV/non-BEV cohort died within 12 month after treatment initiation.
For the BEV cohort, rCBV at baseline and first follow-up, as well as the cT1 and FLAIR volumes at first-follow up, were significant predictors of 6-month PFS and 12-month OS (Table 3) . Overall, baseline rCBV demonstrated the best performance and correctly predicted 6-month PFS in 81.7% and 12-month OS in 78.9% of participants (P ¼ .01 and ,0.01, respectively). None of the analyzed imaging metrics was a significant predictor of 6-month PFS or 12-month OS in the non-BEV cohort.
Following BEV-failure, the majority of participants received supportive care only (55% in the BEV cohort and 50% in the non-BEV cohort), whereas chemotherapy was administered Kickingereder et al.: rCBV analysis in bevacizumab-treated recurrent GB for the majority of remaining cases (34% in the BEV cohort and non-BEV cohort, respectively) (Supplementary Table S3 encompasses detailed information on postprogression therapy). There was no significant difference in the probability of receiving postprogression therapy between participants in the BEV cohort and non-BEV cohort (P ¼ .81).
Discussion
This study demonstrates that pretreatment rCBV analysis qualifies as a potential predictive imaging biomarker for BEVtreated rGB (but not for alkylating chemotherapy-treated rGB) that is superior to volumetric analysis of conventional anatomic MRI and correctly predicts 6-month PFS and 12-month OS in 80% of BEV-treated patients.
Several studies assessed the early changes in perfusion (by means of rCBV) and permeability (by means of the volume transfer constant [K trans ], an estimate related to microvascular permeability) on DSC and DCE-MRI for predicting response to BEV in rGB and produced controversial results. A study by Zhang et al showed that the early reduction in K trans (measured 96 h after treatment initiation) was neither associated with PFS nor OS. 17 This was confirmed by a subsequent study of Verhoeff et al showing that the extent of early reduction in rCBV or K trans (measured 4 days prior and 3 and 21 days following treatment initiation with BEV and dose-intense temozolomide) had no impact on disease outcome in recurrent high- Corresponding rCBV-values, T1-C+, and FLAIR tumor volumes at first follow-up changed by 248%,226%, and 220% for A; 244%, +180%, +73% for B; 255%, 262%, and 243% for C; and 260%, 286%, and 270% for D. Kickingereder et al.: rCBV analysis in bevacizumab-treated recurrent GB grade glioma (including 15 rGB and 8 anaplastic astrocytoma cases). 18 These 2 studies contradicted the results reported by Sorensen et al on cediranib (a pan-VEGF inhibitor) in 31 patients with recurrent GB. A greater reduction in K trans and a greater increase in rCBV (measured 1 day prior and 1 day after application of a single dose of cediranib) was associated with significantly longer OS and PFS. 19 Overall, it is difficult to draw conclusions from these limited and heterogeneous patient populations that have, in part, contradicting results.
Verhoeff et al also evaluated perfusion and permeability prior to initiation of BEV treatment and showed that baseline rCBV was associated with OS. This initial observation was further strengthened in a recently published study by Schmainda et al who performed rCBV analysis prior to and at first follow-up after BEV treatment initiation in a rather heterogeneous population of recurrent high-grade gliomas (23 primary GBs, 4 secondary GBs, 6 anaplastic astrocytomas, and 3 anaplastic oligodendrogliomas). rCBV-analysis at baseline prior to BEV treatment stratified OS but not PFS, whereas rCBV analysis at first follow-up stratified both OS and PFS. 20 The results from these promising initial studies with a more heterogeneous patient cohort, including both anaplastic gliomas as well as primary and secondary GBs, led to the present confirmatory series with a larger sample size, a control group, and a focus on primary rGB. With the results from the present study, we now provide evidence that pretreatment rCBV is not a prognostic, but rather a potential predictive, imaging biomarker for BEVtreated rGB because it was associated exclusively with treatment outcome in the BEV cohort (but not in the non-BEV cohort). These results are particularly important since there are currently-apart from the assessment of the lower Gaussian apparent diffusion coefficient (ADC) curve 21, 22 that requires sophisticated postprocessing-no acceptable pretreatment imaging biomarkers for judicious selection of patients with rGB who may achieve maximum benefit from BEV. Therefore, it would be of interest to also determine if a combined analysis of rCBV and the lower ADC curve may further improve the stratification of patients in their response to BEV treatment.
Beside its focus on imaging metrics, our study also showed that median PFS and OS rates were significantly higher for patients in the BEV cohort with an increase of 1.9 and 3.4 months, respectively, over patients in the non-BEV cohort, which adds to other reports in in the literature suggesting that BEV treatment may translate into increased OS in the setting of rGB. 23, 24 Despite the straightforward results of the present study, we must acknowledge that the retrospective nature of the present study has certain limitations regarding patient selection and distribution of epidemiological and clinical characteristics between the BEV cohort and non BEV cohort. Specifically, one potential confounding issue is the phenomenon of early or delayed radiochemotherapy treatment-related imaging changes (ie, pseudoprogression/radiation necrosis), which presents as increasing lesion volume or new contrast enhancement on MRI suggestive for tumor progression. Because the enhancement seen in pseudoprogression/radiation necrosis can be mistaken for tumor progression, patients may be routed to BEV as treatment for tumor recurrence that has been observed to decrease the permeability of not only tumor-related leaky vasculature but also of radiation-induced leaky vasculature. 25 The absence of histological confirmation, which would be the gold-standard for ruling out pseudoprogression/radiation necrosis, 26 is another limitation of the present study. However, considering the literature available on rCBV-thresholds that are suggestive of radiation necrosis (rCBV , 1.5 -1.8 7, 27 ) it is rather unlikely that the long-term survival in our study was related to the presence of radiation necrosis (median rCBV of 2.5 for patients surviving .12 months following BEV treatment).
A methodological limitation of the present study was the use of 2 different MR systems; despite comparative assignment of patients to the different scanner types and identical sequence parameters, results might have been biased without Abbreviations: BEV, bevacizumab; cT1, contrast-enhancing tumor; FLAIR, fluid-attenuated inversion recovery; n.s., not significant; OS, overall survival; PFS, progression-free survival; rCBV, relative cerebral blood volume. Annotation: * logistic regression was performed with the "leave-one-out" (jackknife) cross-validation procedure.
Kickingereder et al.: rCBV analysis in bevacizumab-treated recurrent GB the use of additional normalization of rCBV-maps (eg, Gaussian normalization). 28 Whether all of these limitations influenced the analyzed outcome measures remains to be proven. Post hoc analysis of DSC-MRI from the ongoing EORTC-26101 trial, which compares BEV + lomustine with lomustine alone in patients with rGB at first recurrence, may allow prospective validation of whether rCBV is a predictive imaging biomarker in the setting of BEV-treated rGB. 29 In conclusion, we have demonstrated the potential utility of pretreatment rCBV analysis as a predictive imaging biomarker for BEV-treated rGB (but not for alkylating chemotherapytreated rGB), which is superior to volumetric analysis of conventional anatomic MRI and correctly predicts 6-month PFS and 12-month OS in 80% of BEV-treated patients. Thus, pretreatment rCBV analysis deserves validation in prospective randomized trials because it may allow judicious preselection of patients who could obtain maximum benefit from BEV-treatment.
